Background: Working memory (WM) has been a central focus of cognitive neuroscience research because WM is a resource that is involved in many different cognitive operations. The goal of this study was to evaluate the clinical utility of WM paradigms developed in the basic cognitive neuroscience literature, including methods designed to estimate storage capacity without contamination by lapses of attention. Methods: A total of 61 people with schizophrenia, 49 with schizoaffective disorder, 47 with bipolar disorder with psychosis, and 59 healthy volunteers were recruited. Participants received multiple WM tasks, including two versions each of a multiple Change Detection paradigm, a visual Change Localization paradigm, and a Running Span task. Results: Healthy volunteers performed better than the combined patient group on the visual Change Localization and running span measures. The multiple Change Detection tasks provided mixed evidence about WM capacity reduction in the patient groups, but a mathematical model of performance suggested that the patient groups differed from controls in their rate of attention lapsing. The 3 patient groups performed similarly on the WM tasks. Capacity estimates from the Change Detection and Localization tasks showed significant correlations with functional capacity and functional outcome. Conclusions: The patient groups generally performed in a similarly impaired fashion across tasks, suggesting that WM impairment and attention lapsing are general features of psychotic disorders. Capacity estimates from the Change Localization and Detection tasks were related to functional capacity and outcome, suggesting that these methods may be useful in a clinical context.
Introduction
Working memory (WM), the temporary maintenance, and oftentimes, manipulation of information in the service of behavioral goals, has been a focus of basic and clinical neuroscience research. [1] [2] [3] [4] WM is a resource required by multiple cognitive operations, and differences in WM capacity are related to differences in broad cognitive ability. 5, 6 Consequently, WM deficits are of particular interest because they could underlie the broad cognitive impairment observed in psychotic disorders.
Clinically, WM has been assessed using tasks such as digit span, spatial span, and letter-number span. On these measures, people with schizophrenia (SZ) and schizoaffective disorder (SZAFF) are impaired (approximately 1 SD below the healthy control [HC] mean), whereas people with bipolar (BP) disorder typically score in-between SZ and HCs. 7, 8 When the individuals with BP disorder have a history of psychosis, impairment levels are often similar to that seen in SZ [9] [10] [11] [12] [13] [14] [15] ). These tasks provide coarse measures of WM and can be impacted by impairments in motivation, attention, and executive control as well as reduced storage capacity. Thus, different measurement approaches are needed to better isolate WM capacity. Here we present results on 3 approaches to measuring WM performance.
Variants of the visual Change Detection task are widely used to measure WM capacity in the cognitive neuroscience literature. 16 Participants first see an encoding array (typically 1-8 colored rectangles presented for 100-500 ms), followed by a delay (typically 1-4 s). Then a test array appears, and the participant indicates whether any items changed between the encoding and test arrays. All items are identical on 50% of trials, and one item has changed in color on 50%. By examining accuracy across memory set sizes, it is possible to estimate an individual's WM storage capacity (termed K). Visual change tasks are of special interest in SZ because: (1) patients with SZ demonstrate robust reductions in K 17, 18 ; (2) both K and measures of executive control independently contribute to discriminating patients from controls 19 ; (3) the K reductions observed in SZ do not reflect impairments of selective attention or distractibility, [20] [21] [22] suggesting that K is a relatively pure measure of WM capacity; and (4) based on fMRI evidence, reductions in K appear to primarily reflect posterior parietal cortex dysfunction rather than the broad prefrontal-parietal network that mediates more complex WM tasks such as the n-back. 23, 24 We sought to address several limitations of the canonical Change Detection paradigm. First, estimating K requires using arrays that exceed capacity, leading to chance performance levels. Guessing adds measurement noise, requiring large numbers of trials to obtain reliable capacity estimates. Second, the task may be experienced as being very difficult when arrays exceed capacity, potentially leading to reduced engagement in patients relative to controls. Third, performance may be impacted by lapses of attention (ie, mind-wandering resulting in a failure to sustain task engagement), and differences in the ability to maintain attention to the task will impact WM capacity estimates. In a previous study of visual sensory processing, we used "catch" trials (trials so easy that anyone paying attention should be able to perform at 100% correct) to estimate the lapse rate, and found that lapses explained the patient impairment. 25 Thus, quantifying attention lapses may be important for accurately measuring WM capacity.
To address these issues, we used a modified paradigm called Multiple Change Detection, in which participants are presented with a 5-item encoding array (which exceeds the WM capacity of nearly all adults). 2 After a short delay, they are shown a 5-item test array that has 0, 1, 2, or 5 items that differ from the encoding array, and they indicate whether or not any changes were detected. This task addresses the shortcomings noted earlier. First, by varying the number of changes, it is not necessary to use arrays that are clearly supra-capacity as is typical of many Change Detection paradigms. Second, because multiple items may change with a constant display size, the task appears to be less difficult. Third, the 5-change trials serve as "catch" trials and using this method and a mathematical modeling approach (see Broadway and Engle 26 and supplementary materials), it is possible to estimate WM capacity unconfounded by attention lapses
We also used a Change Localization task where there is a single change on the test array on every trial, and the participant is asked to click on the location of the changed item. Chance performance is lower on Change Localization than on standard Change Detection, increasing reliability of WM capacity estimates. People with SZ demonstrate robust deficits on Change Localization and task performance correlates with overall neuropsychological ability in both SZ and HCs. 18 However, Change Localization performance can be impacted by attention lapses and the task design precludes catch trials.
The third approach comes from the individual differences literature where different "complex span" tasks have demonstrated robust correlations with general cognitive ability. 5, 6 In Running Span, people are given a sequence of 2-8 letters on each trial and when the sequence stops they must report the final 1-6 letters in order. Thus, the task involves "flushing" and updating items held in WM as the list length gets longer suggesting that overall task success requires more than simple storage capacity as in visual Change Detection. 5, 27 We also included the Letter-Number Span test where people are presented with an alternating series of numbers and letters, ranging from 2 to 7 items and are asked to report the numbers in ascending order followed by the letters in alphabetical order. As with Running Span, success on this task requires the ability to manipulate stored information, not just simple storage capacity, and people with SZ show robust impairments on this task. [28] [29] [30] It should also be noted that Running span performance is less influenced by the automaticity of retrieving the alphabet than is Letter-Number Span.
We had several goals in this study. By comparing tasks that assess simple storage capacity vs tasks that involve more active updating and manipulation of information stored in WM we sought to better characterize the nature of WM impairment observed in psychotic disorders. This was of particular interest in BP disorder where no prior studies have used visual Change Detection measures. Second, we wanted to examine construct validity of the experimental tasks by examining their intercorrelations and correlations with Letter-Number Span. Third, we also wished to examine ecological validity by examining correlations with measures of functional capacity, community functioning, and symptom severity.
Methods

Participants
A total of 216 participants were recruited across 5 CNTRACS sites: Washington University in St. Louis, University of California-Davis, University of Maryland School of Medicine, Rutgers University, University of Minnesota-Twin Cities from the following groups: (1) HCs (N = 59); (2) DSM-IV 31 SZ (N = 61); (3) DSM-IV SZAFF (N = 49); and (4) DSM-IV BP disorder with lifetime psychosis (N = 47). The clinical samples were recruited from outpatient clinics and day programs as well as using flyers and online advertisements. Similar online and flyer methods were used to recruit HCs. All patients were considered to be clinically stable at the time of testing. All study procedures were approved by each site's institutional review board. Details on inclusion/exclusion criteria and screening procedures are in supplementary materials. These data are drawn from a protocol that involved WM and reinforcement learning tasks. 32 The groups had similar demographics although mean levels of personal education and Wechsler Tests of Adult Reading 33 scores were significantly higher in the HC group than in the 3 clinical groups (table 1) . The SZ and SZAFF groups were on higher doses of olanzapine equivalent medication doses than the BP group, but there were no correlations between olanzapine dose and WM performance. 34 
Diagnosis and Clinical Assessment
A masters-level clinician conducted diagnostic assessments using the Structured Clinical Interview for DSM-IV-TR1, 35 the Brief Psychiatric Rating Scale (BPRS), 36, 37 the Young Mania Rating Scale, 38 the Bipolar Depression Rating Scale, 39 and the Clinical Assessment Interview for Negative Symptoms (CAINS). 40 We used the participant and informant versions of the Specific Levels of Functioning Scale 41 to assess community functioning, and the University of California San Diego Performancebased Skills Assessment-Brief (UPSA-B) [42] [43] [44] to assess functional capacity. We also administered the Hopkins Verbal Learning Test and the Brief Assessment of Cognition in Schizophrenia Symbol Coding subtests from the MATRICS Consensus Cognitive Battery (MCCB). 28 
WM Tasks
Change Localization
Participants first saw a 5-item encoding array for 500 ms (figure 1) at a viewing distance of 70 cm.
The items were equally spaced around an imaginary circle that was centered on the screen and spanned 1/3 of the screen's vertical height. The encoding array was followed by a 1000-ms delay and then the test array. Participants used the mouse to click on the one changed item. Accuracy was stressed, and responses were untimed. In one version of the task ( figure 1A) , the 5 items were colored rectangles, one of which changed color in the test array. In a second version ( figure 1B) , the items were colored shapes (eg, circle and star), and the changed item differed in both shape and color from the corresponding item in the encoding array. Each version had 60 trials with order counterbalanced across participants. The WM capacity score was calculated by multiplying the percentage of correct responses by the memory array size. 45 
Multiple Change Detection
This task used the same stimuli, presentation arrangement, and delay interval as described earlier. However, the test array contained 0, 1, 2, or 5 changed items (P = .25 for each) relative to the encoding array. Participants indicated change or no change using left and right index fingers on a keyboard. A total of 240 items were presented in each version, 60 of each trial type.
We applied a mathematical modeling procedure to the accuracy scores for each trial type providing an estimate of WM capacity (K), the probability that the participant was paying attention on a given trial (A), and a guessing bias parameter (G) (see Feuerstahler et al. 26 and supplementary materials). 
Working Memory Impairment Across Psychotic Disorders
Running Span
Participants were instructed to report the final 2, 3, 4, 5, or 6 letters presented in a list that varied from 2 to 8 letters. Instructions (Report last 2, etc.) were shown before each list presentation. In the original version, each of the 5 report sizes was tested with 3 consecutive lists, presented in random order. Then all five report sizes were retested in random order. Stimuli were presented at central fixation for 500 ms, with 200 ms inter-stimulus intervals. Total 30 trials were administered, 6 at each report size. The dependent measure was the total number of items recalled in correct order. We also administered an "adaptive version" to determine if we could reliably estimate span with fewer supra-capacity trials. In this version, participants start with a block of 4 trials at report size 1. If they responded correctly to at least 2 of the trials, they advanced to the next report size. This continued until they failed to get 2 of 4 trials correct for a given report size or until report size 6 was completed (maximum of 24 trials). The dependent measure was the total number of items recalled in correct order (see supplementary materials for adaptive span results).
Data Analysis
To streamline presentation, most analyses are conducted on the standard Running Span task and the colored square versions of the Change Localization and Multiple Change Detection tasks as these can be compared with others in the literature. These are also the versions that we recommend to other researchers. Analyses of the other task versions are provided in supplementary materials. The main dependent measures were all examined with analysis of variance (ANOVA) models that examined the main effect of psychotic illness (HC vs patients [collapsed across diagnosis]), recruitment site, and the interaction of diagnosis by site. For the capacity and attention parameters from the Change Detection task, the ANOVA models were fit using weighted least squares regression, taking 1-root-mean-square error as the weight as a way to control for model fit. When the main effect of diagnostic group was significant, we then used least significant difference tests to compare the groups to one another. We implemented false discovery rate (FDR) correction within the comparison of HC to each patient group (which we expected to be significant) and in comparing patient groups to each other (which we did not expect to be significant). We had power ranging from 78% to 86% to detect medium effect size differences between groups. Pearson's correlations were used to examine intertask and clinical correlates. We used both task versions for a factor analyses to identify the factor structure of the WM tasks.
Results
Change Localization (colored squares)
As seen in table 2, HC had higher WM capacity (K) than the total patient group (F(1,215) = 10.794, P = .001). In post hoc tests, the HC differed from each of the individual diagnostic groups (all P's < .05), all of which passed FDR correction. None of the patient groups differed significantly from one another (all P's > .67). 
Multiple Change Detection (colored squares)
HCs had higher estimated WM capacity (K) than the total patient group (F(1, 214) = 4.822, P = .029). Post hoc tests indicated that HC > BP (P = .007, passes FDR), with no significant differences between HC and SZ (P = .054), or between HC and SZAFF (P = .336). The estimated rate of attentiveness was greater in HC than in the total patient group (F(1,214) = 8.7, P = .004). In post hoc tests, HC had fewer lapses than all patient groups (all P's < .05 and passing FDR). No significant differences were observed between the SZ, SZAFF, and BP groups on the WM capacity (all P's > 0.20), or attention measure.
Running Span
The HC group had higher running span performance than the total patient group (F (1, 215), = 28.137, P < .001). In post hoc tests, HC performed better than each diagnostic group (all P's < .02, passing FDR), and BP > SZ (P = .017), though this last comparison did not pass FDR correction.
Relationships Among the WM Measures
All of the WM measures, including the Attention parameters, correlated with each other (P's < .05) in both groups (supplementary tables S1 and S2). To address if they were assessing one or more constructs, we conducted an exploratory factor analysis (including both versions of each WM measure and Letter-Number Span to bolster ability to detect factors) using maximum likelihood extraction and oblimin factor rotation. We first conducted a parallel analysis, which suggested that 3 factors should be retained (table 3) . The first factor included the capacity measures from the Change Detection/Localization tasks. The second factor included the two Running Span measures and Letter-Number Span, whereas the third factor included the Attention parameters from the Multiple Change detection tasks. Thus, the factor analysis provides evidence for 3 distinct constructs: visual WM capacity, complex WM span, and attentiveness. In the 3-factor solution, the Attention parameter from the Change Detection Shape measure was a Heywood case, meaning that the estimated unique variance for this measure was negative. Heywood cases occur when there are a small number of measures that belong to a factor-as is the case here with only 2 measures of attention. Moreover, our attention measures depend on the untested assumption that informed and uniformed guessing behavior is identical. Thus, better measures of attention need to be established to definitively establish attention as a distinct factor (although, note that the 2 attention measures are correlated, 72 in the combined sample). Finally, we ran the factor analysis again, removing the 2 attention measures. Two factors were retained by the parallel analysis identified by the visual WM capacity tasks and the complex WM span tasks.
Correlations With Clinical Measures and Community Function
We examined correlations with the UPSA-B as a measure of functional capacity and with the SLOF to assess functional outcome. As seen in table 4, all of the WM measures correlated with UPSA-B performance (the other MCCB subtests are shown for comparative purposes). The capacity measures from both Multiple Change Detection and Change Localization significantly correlated with both self-and informant-report SLOF ratings. Neither Running Span nor the Attention parameter correlated with functional outcome. Further, using the methods for comparing correlated correlation coefficients, 46 the correlation between Multiple Change Detection and informant-reported ratings of community function was significantly stronger than the correlation between the attention parameter and informant-rated function. However, the magnitude of the other correlations did not differ significantly. When we examined the relationship of the factor scores described earlier, we found that the WM capacity factor correlated with all 3 functional measures, whereas the complex span and attention factors only correlated with the UPSA-B. We obtain essentially the same results if we simply z score average the measures for each factor. A full table of symptom correlations is shown in supplementary table S3. We observed significant but modest correlations between the CAINS motivation and pleasure score and all the WM capacity measures (r's −.21 to −.26, all P < .01) but not the Attention parameter. There was one significant (uncorrected) correlation with BPRS positive symptoms (Running Span: r = −0.23, P =.01), a single correlation with BPRS Mania (Attention parameter: r = −.17, P = .029), and no significant correlations with BPRS disorganization factor ratings (all P's > −. 14) .
Discussion
These data provide strong evidence that WM deficits are shared across all 3 psychotic disorders evaluated in this study. These results are noteworthy because BP often perform substantially better than SZ on many clinical neuropsychological tests, 8 suggesting that WM capacity may be an unusually sensitive indicator of cognitive dysfunction in BP disorder with psychosis. The SZ group had somewhat more severe deficits than the BP group on more complex span tasks, scoring significantly more poorly than BP on Running Span, though the BP group also demonstrated impairments relative to HC. Thus, differences across diagnosis were subtle whereas the differences for all 3 diagnoses vs controls were generally robust. The factor analysis results suggest that the simple visual capacity measures define one construct, whereas the more complex verbal span measures define a second, and the Attention parameters defines a third, findings similar to those of Shipstead et al. 47 In both Running Span and Letter-Number Span, individuals must act on stored information, adding complexity. In contrast, the Multiple Change Detection/Localization task measures how many items a person can successfully encode and store, changes appear to be detected automatically, and no further operations or delays are involved. 48 The additional complexity involved on Running Span and Letter-Number Span likely explains the larger effect sizes in between group contrasts than were seen on the Change Localization and Multiple Change Detection tasks. A measure that combines multiple impaired cognitive operations often shows more robust group differences than a purer measure, leading to a trade-off between group discriminability and precision in construct assessment. Although all 3 patient groups were impaired compared with HC on the Change Localization tasks, the level of impairment seen when comparing HC and SZ (d = 0.52) was substantially smaller than the d of 1.11 previously reported on a similar task by Johnson et al. 18 (notably, the present Change Localization K score is substantially lower in both groups than in the previous study). The main procedural difference is that this study used 5-item arrays whereas the previous study used 4-item arrays. This may have led to differences in strategy, reducing estimated capacity and reducing between-group differences. Although 5-item arrays might appear to be advantageous in avoiding ceiling effects, we have not found ceiling effects using 4-item arrays, and the smaller array size may be superior in terms of task engagement. The Multiple Change Detection task yielded the most surprising findings. First, although estimated WM capacity was significantly impaired in the patient group as a whole relative to HC, only the BP group was significantly impaired relative to HC, with a marginally significant deficit in SZ relative to HC, and no significant impairment in SZAFF. (As seen in supplementary materials, there was not an overall HC vs combined diagnostic group difference with the colored shape stimuli). There were no significant differences among the 3 patient groups, so the data are not suggesting that impaired WM capacity is specific to BP. HC differed from the patient groups most robustly on the modeled Attention parameter. The findings on K and A parameters are provocative in suggesting that estimates of WM capacity reduction in patients reflect the impact of both attentional lapses and reduced capacity.
Together, the present data suggest that psychosis patients have reduced WM capacity in addition to poorer attentional engagement. Both of these impairments likely contribute to the broad cognitive deficit observed in psychotic disorders. This mathematical modeling framework presents an important challenge and benefit to the field: we need to develop experimental methods and analytic approaches that facilitate measurement of specific cognitive functions, free from the influence of attention lapses that are more likely to occur in clinical groups than in HCs.
Importantly, the capacity measures from Change Localization and Multiple Change Detection showed significant correlations with functional capacity and outcome. Although the other WM measures showed correlations with 1 or 2 of these measures, none showed the same consistent pattern as the Change Detection/ Localization measures. Further, only the visual WM factor score was associated with all 3 measures of function, as the complex span and attention measures were only associated with functional capacity. These links to function may make the visual Change Detection measures more clinically useful tools than complex span measures. Our study has limitations including that all of our patients were medicated (although we observed no correlations with antipsychotic dose, an analysis confounded by non-random assignment). Further, our study lacked power to detect small between patient group differences. In addition, without evidence from experimental manipulations of encoding, maintenance, and retrieval processes, we cannot be certain that the pathway to observed overall impairments seen here is identical across disorders.
Conclusion
In summary, WM impairment is shared across psychotic disorders, with the extent of impairment correlated with negative symptom severity, functional capacity, and level of community function. In addition, the modeling results suggest that attention lapsing will be important to consider in future clinical cognitive research.
